This study investigates the structural, electrical and microwave properties of yttrium iron garnet (YIG) which focuses on the parallel evolving relationship with their dependence on the sintering temperature. The iron oxide obtained from the steel waste product (mill scale) was used to synthesize YIG. The raw mill scale underwent the milling and Curie temperature separation technique to produce high purity iron oxide powder which is the main raw material in preparing and fabricating YIG through high energy ball milling (HEBM) process. Microstructural features such as amorphous phase, grain boundary, secondary phase and intergranular pores contribute significantly to the additional magnetic anisotropy and demagnetizing fields, affecting the electric and microwave properties accordingly. The increment in electrical resistivity and decrement in linewidth while the microstructure was evolving is believed to be a strong indicator of improved phase purity and compositional stoichiometry.
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Introduction
Yttrium iron garnet (YIG, Y 3 Fe 5 O 12 ) is extensively studied due to its specific magnetic and magneto-optical properties such as high quality factor in the microwave regime, small linewidth in magnetic resonance, and wide-ranging applications in magneto-optical and microwave communication fields such as optical isolators, circulators, and phase shifters [1] [2] [3] [4] [5] . The first known method in producing YIG was developed through the mixed oxides method or later known as the solid-state reaction method. However, high temperature was a requirement in this process [6] . Eventually, other synthesizing techniques were introduced such as microwave-assisted conventional ceramic approaches, co-precipitation, sol-gel, spray drying, freeze dying, combustion synthesis or glass crystallization [7] [8] [9] [10] . It is notable that the best way to produce a single phase YIG (of high purity) with high density would possibly require expensive and high-end technology such as CVD and PVD [11] . However, to develop materials at a cheaper cost that use a simple technique, the solid-state method is still an attractive method to be employed [12, 13] although high processing temperature is a must. Furthermore, to meet the sintering requirements, powders prepared by this method need prolonged grinding which has the tendency to reduce the purity of the material. The final product, in this case, contains particles with large grain sizes (several micrometers) and a limited degree of homogeneity. Nevertheless, high sintering temperatures (> 1450 °C) and long soaking time (> 10 h) are required to produce YIG ferrite ceramics with a density of 97% for device applications. Therefore, it is important to produce garnets with a strict control of the composition, homogeneity, size and particle shape. In the past decades, studies on YIG by pure materials were reported in ferrite literature. However, the fabrication of YIG ferrite by using recycled steel waste product (mill scale) is still absent in the literature. Steel waste products were collected from the steel industry in order to produce iron oxide via the purification process. Iron oxide has high content of iron (Fe) and this had posed a challenge in purifying and recycling the iron oxide powder to produce YIG ferrites with low cost ferrite fabrication from the waste materials. Ferrite magnetic materials are known to be very dependable on their microstructure. YIG is known used for microwave device applications because it can be used at room temperature. YIG has proved to be a very useful material in microwave application because of their low resonance linewidth and high quality factor. Ferromagnetic resonance (FMR) is a very powerful and well-established dynamic technique to investigate magnetic materials and to determine magnetic properties. FMR absorption experiments measure the microwave power absorbed by a specimen as a function of an applied dc magnetic field (H). The resulting curve is described by a resonance field, H res that corresponds to maximum power absorption, and by an absorption linewidth, ΔH. In this work, a series of low to high sintering temperature was used to obtain polycrystalline YIG powder. The phase evolution during the processing, and the sintering ability towards structural, electrical and microwave properties of sintered specimens are determined and discussed in detail.
Methodology

Preparation of hematite (Fe 2 O 3 )
Mill scale was collected from the steel factories in Malaysia. Impurities such as pieces of metal and brick, dirt, sand and oil-which covered the mill scale were removed during the mill scale selection. The evaluation of the physical condition of the mill scale was carried out by a visual inspection and followed by a sonication for 45 min. 100 g of mill scale was weighed using a digital weighing balance scale. The mill scale was then crushed through a wet milling process for 48 h to obtain a precise powder size. The as-milled powder was dessicated before magnetic separation processes were conducted. The magnetic particles were poured into a glass tube filled with 90-100 °C distilled water with the presence of 1 T external field. Due to the weak susceptibility of ferromagnetic particles, FeO (wustite) presumably would drop to the bottom of the tube, and the Fe 3 O 4 (magnetite) and Fe 2 O 3 (hematite) would be attracted to the surface close to the poles. This separation was sorted out based on the Curie temperature of FeO, Fe 2 O 3 and Fe 3 O 4 particles [14] . The particles that had been used for Fe 2 O 3 production were the bottom particles. The powder then was oxidized using a furnace at 500 °C for 9 h in the air. The yield of oxidation, Fe 2 O 3 was sieved to obtain a fine powder, and this was used as a raw material in preparing yttrium iron garnet (YIG).
Preparation of yttrium iron garnet (YIG)
The production method begins with the weighing of the oxides according to the stoichiometric ratio based on the equilibrium Eq. 1:
In this process, the yttrium oxide (Y 2 O 3 ) powder with 99.9% Alfa Aesar and Fe 2 O 3 derived from mill scale were weighed and mixed using an agate mortar for approximately 1 h. The mixing powder was then milled using high energy ball mill with the ratio of 10:1 for 9 h. High energy ball milling was carried out at room temperature using hardened steel vials and steel balls. After milling, polyvinyl alcohol with 1 wt% PVA was added into the powder as a binder to provide strength to the pressed compact, and it was also lubricated with 0.3 wt% of zinc stearate. The as-milled powders were pressed uniaxially into toroidal form in a die with the diameter of 10 and 18 mm, respectively at about 3 MPa. Multi-samples sintering scheme was employed in which the sample was sintered from 500 °C up to 1400 °C with an increment of 100 °C for 9 h with the heating rate of 3 °C/min in ambient air atmosphere. The phases of the YIG samples were collected with X-ray diffraction (Phillips Expert Pro PW3040) using Cu-K α radiation. The microstructure of the bulk samples was observed by using a FEI Nova NanoSEM 230 scanning electron microscope. The IR spectra of the samples were determined by using Thermo Scientific Nicolet 6700 IR spectrometer with the frequencies between 4000 and 400 cm −1 . The Raman characterization is performed by Witec Raman spectrometer model Alpha 300R with laser wavelength of 633 nm. The electrical resistivity of the sample was measured at room temperature from current the I value of the sample which was acquired using a Keithley 6485 Picoammeter. The samples were placed between a parallel plates and attached to the instrument. A current passed through the sample by a conducting metallic contact deposited at each sample's surface. A silver paste was deposited on each sample's toroidal surface after a smooth polish using silicon carbide paper. This will produce a better electrical connection between the samples and the plates. The sample's resistivity was measured using Eq. (2): where R, A, and l being are the sample's electrical resistance, cross-section area, thickness.
The ferromagnetic resonance (FMR) linewidth of the sample was carried out by Agilent Technologies PNAN5227 Vector network analyzer (VNA). The VNA-FMR measurement operated at C band (4-8 GHz) frequency range and FMR parameters yields from standard microwave S-parameter measurements versus frequency and field (H). The measurement was carried out at varies the microwave frequency at a fixed static field, extracts the FMR absorption profile from standard S parameter measurements, and obtains a FWHM frequency swept linewidth from the response. The density of the sintered sample was obtained using the Archimedes principle with water as the fluid medium [15] [16] [17] [18] [19] [20] .
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Results and discussions
The evolutions of phase formation of YIG for as-milled, and after sintering at 500-1400 °C with 100 °C increment were shown through the XRD spectrum in Fig. 1 disappeared; however, some garnet phase begin to appear, and by increasing the heat treatment temperature to 1000 °C, the garnet phase became the major phase and a little orthoferrite phase still remained.
The XRD pattern at the powder sintered at 1100 °C and above showed clear peaks matched with the cubic YIG phase (ICDD: 98-003-5954). The presence of the complete YIG phase can be indexed to (400), (420), (422), (521), (611), (444), (640), (642), (741), (840), (842), and (664) planes of a cubic unit cell. This indicates that the sintering temperature at 1100 °C can assist in obtaining YIG phase prepared by mechanical alloying method. This method is useful to promote the synthesis of nanostructured ferrite by mechanical activation of oxide compound. The XRD pattern showed that the peak of the phase had become narrower as a consequent of the increment of sintering temperature, suggesting improvement in the degree of crystallinity of the sintered samples. The intensity (peak height) for the phase increased after sintering at 500-1000 °C, and decreased for the heat treatment at 1100 °C. The fall in the XRD peak height at 1100 °C was not related to the crystallinity of the sample. The fall at 1100 °C was possibly due to the changes in the composition (stoichiometry) of the material. However, it is confirmed that by the XRD spectrum (Fig. 1) , the YIG phase was complete at the temperature of 1100 °C. Table 1 shows the details of XRD of the intense peaks before sintering, which represents the milling for 9 h, and at different sintering temperature. The XRD showed that after the milling process, the peak that gave the highest intensity belonged to the R-3c group of hematite. The same occurrence could be seen for the sample after sintering at 500 °C. The sample for sintering at 600-800 °C showed the presence of the space groups R-3c and pnma at the most intense peak. Those groups referred to the hematite and YFeO 3 phase. It can be stated that major hematite and orthoferrite phases were dominant for this temperature before the formation of the YIG phase. The YIG phase is dominant for sintering temperature at 900-1400 °C as the space group that belongs to the YIG phase is la3d. In spite of that, it could be seen that as the sintering temperature increased, the peak position from 500 to 600 °C increased too as the reaction started to form at 600 °C. The decreasing of peak position after sintering at 600-1000 °C was attributed to the transition of the orthoferrite phase to the YIG phase. After sintering at 1000-1300 °C, the peak position increased. This can be completely associated with the change to the YIG phase. The decreasing of the peak position at 1400 °C was due to the oxygen loss at higher temperature.
The density, relative density and porosity of the sintered samples at different sintering temperature are recorded in Table 2 The porosity of the sample is calculated using the Eq. 4:
where exp is the experimental density of the sample and ρ xrd is the XRD density. Table 2 shows that the porosity decreased with the increment of the sintering temperature, while the density of the sample increased. During the sintering process, a driving force is generated due to the thermal energy produced by increasing the sintering temperature. This causes particles to move closer and grains to be formed by the movement of grain boundaries to grow over pores; this resulted in the decrement in the porosity and increment in the density of the sample. The driving force depends on the sintering temperature and the size of the particles. Fine-sized particles from the HEBM technique contributed to high reactivity of the particles and indirectly enhanced the driving force inside the sample. At higher sintering temperature, where grain growth occurs, the amount of porosity will be reduced, resulting in less pinning centers to the domain wall movement. Hence, the demagnetizing effect decreases and increases their magnetic permeability. Figure 2 shows the transmittance of FTIR spectra of the YIG sintered at different temperature. The bands between 3200 and 3600 cm −1 should be assigned to the stretching modes of O-H bonds in yttrium/iron hydroxides. Fe 2 O 3 has a corundum structure with condensed FeO 6 octahedra, which stretching vibrations is in the range of 400-500 cm −1 [24] . In the garnet spectrum, it is more usual to assign the bands in the IR to the Fe-O stretching vibrations of the polyhedra. The FeO 4 tetrahedra appeared at Fe-O vibration in the range of 550-650 cm −1 and FeO 6 octahedra appeared with the absorption range of 300-400 cm −1 . Thus, the lattice spectrum of the YIG consists of two groups of bands, which were assigned as YIG tetrahedral and YIG octahedral. From the IR spectra for sintering at 50-800 °C, it can be clearly seen that the peaks appeared approximately at 470, 560, and at 580 cm −1 . These peaks were attributed to the primary materials of the reaction Fe 2 O 3 , Y 2 O 3 and YFeO 3 . At 900 °C, new peaks were observable between wavenumber of 550-650 cm −1 , which corresponded with the YIG phase. It shows that the shifting of the peak at these wavenumber is an indicator that the garnet phase will start to form at this temperature. At 1100 °C, the YIG band became prominent. The spectrum exhibited three obvious bands at 560, 600, and 650 cm −1 which were assigned to the stretching mode of YIG at 1100 °C. This feature gives evident to the garnet phase formation. The spectra were very similar in wavenumber and shape to that of the YIG up to 1100 °C. However, there was a vibration band near 1680 cm −1 , which
was associated to the deformation of O-H bonds. This was attributed to water adsorbed at the powder surface when the sample was in contact with the environment. Furthermore, it can be seen that these adsorption bands tended to become weaker with increasing sintering temperature [25, 26] . Figure 3 shows the Raman spectra of YIG in the range of 100-2500 cm −1 with different sintering temperature. A broader Raman signature can be observed at lower sintering temperature, for instance at 500 and 800 °C, which may be due to the small grain size or amorphous phase. For the powder sintered at 500-800 °C, it can be seen that the peak appeared at 1320 cm −1 which was assigned as Fe 2 O 3 . Other peaks at 220, 290 and 402 cm −1 were also attributed to the Fe 2 O 3 peaks. The broad peak at 630 cm −1 for the sintering temperature of 500-800 °C corresponded with an intermediate phase, YFeO 3 . With increasing sintering temperature, the peak at 630 cm − 1 started to disappear. The peak at 380 cm −1 corresponded with Y 2 O 3 . At 900 °C, the peak at 380 cm −1 , characteristics of Y 2 O 3, decreased its intensity while the peak at 340 cm −1 , corresponded with YIG, appeared with increasing sintering temperature. It also showed the shifting of the peak at 290 cm −1 in the sample sintered at 800 °C-270 cm −1 at 900 °C, indicating that the YIG phase had started to appear. At 1100 °C, the complete YIG phase appeared as the peaks up to the 1000 °C were a more obvious feature of the garnet phase [27] .
The SEM micrograph of the sintered samples shown in Fig. 4 reveals the evolution of the microstructure from lower sintering temperature to higher sintering temperature. The average grain sizes for each temperature are tabulated in Table 3 . It can be seen that the average grain sizes increased with the increment in the sintering temperature.
The micrograph of the sample sintered at 500, 600 and 700 °C reveals that the sample encountered the initial stage of sintering. The initial stage of sintering involves rearrangement of the powder particles and formation of strong bond or necks at the contact point between particles. At 500 and 600 °C, the sample showed nearly the same evolution trend whereby the sample sintered at 500-600 °C showed slight particle growth and rearrangement of particles.
After sintering at 700 and 800 °C, the sample underwent the formation of necks between particles. This is indicated with the existence of dumbbell shape in the micrograph at this sintering temperature. The red-dotted circles at 700 °C indicate the necking structure between the particles. SEM micrograph of the samples sintered at 900, 1000, and 1100 °C exhibited intermediate stage of sintering. Intermediate sintering is the stage where the size of the necks grows, the amount of porosity decreases substantially and the particles move closer. At this range of temperature, grain boundaries are formed and moved so that some grains grow at the expense of others. Grain growth becomes increasingly active as the pore structure collapses. The pinning effect of the pores diminishes as they shrink and occupy lesser grain boundary area. Further sintering at 1200, 1300 and 1400 °C corresponds to the final stage of sintering. The grains with the hexagonal structure were observed in this range of temperature. At this stage, the pores diminished and were slowly eliminated by the diffusion of vacancies from the pores along the grain boundaries. The grain boundaries are regions of more open crystal structure than the grain themselves. Thus, the diffusion along grain boundary is more rapid. Reducing the grain boundary area by the grain growth lowers the energy of the system to a more stable state. From the results, it is believed that a mass transport mechanism started with atomic surface diffusion at relatively low temperature and continued to occur by the grain boundary diffusion, will result in the formation of necking, contact growth, pores elimination and grain growth.
The variation of DC resistivity values at different sintering temperatures are listed in Table 4 . The resistivity was found to be increased with the increment in the sintering temperature but decreased slightly at 700 °C. YIG ideally accommodates only trivalent ions. Thus, it can be expected that the resistivity of YIG will be very high. In practice, however, the resistivity of YIG depends upon its method of preparation [10] which consequently affecting the structural and microstructure properties of YIG. Figure 5 shows the relationship found between DC resistivity and sintering temperatures. It is known that the resistivity is an intrinsic property of ferrite; thus, its crystal structure is concerned. The presence of small quantity of secondary phases may have an appreciable effect on resistivity. The comparatively low values of resistivity in samples sintered at lower temperatures, below 900 °C, are possibly due to the localized sites in the forbidden energy gap which arises due to lattice imperfections. The presence of these states effectively lowers the energy barrier to the flow of electrons [11] . However, the influence of grain boundary also affects the resistivity. Therefore, a fluctuation of resistivity values could be observed in the samples sintered between 500 and 800 °C subjected to the simultaneous existence of lattice imperfections as well as the presence of smaller grains. It may be due to the smaller grains which imply a large number of insulating grains which act as barriers to the flow of electron, thus, increasing the resistivity. With further increment in the sintering temperature from 900 to 1400 °C, the resistivity is increased. This is attributed to the better phase purity of the samples with larger grain size since electrical properties of ferrites depend upon the chemical composition as well as on the various heat treatments during the course of preparation. This behaviour can be described in terms of increasing structural improvement with increased sintering temperatures, hence improving the crystal structure, uniformity and with reduced imperfections thereby increasing the resistivity. The variation in DC electrical resistivity can be explained on the basis of Verwey hopping mechanism [12] . According to it, the electrical conduction in ferrites is due to the hopping of electrons between the ions of same element but of different valence states present at the octahedral sites. The conduction in ferrites is the result of hopping of electrons between Fe
3+
and Fe 2+ ions present at octahedral sites [13] , but the occurrence are not dominant in YIG owing to its stability since in the case of garnets, all the cations are trivalent and there is no position of Fe 2+ ions in the lattice, therefore iron garnets are essentially shown high resistivity. The highest values of DC electrical resistivity recorded from this study are in the range of 10 10 Ω cm which is in agreement with the previous reported study by [21] . Resistivity values of YIG are usually ranged from 10 10 to 10 12 Ω cm [28] . The values from this study could not reach more than 10 10 Ω cm, which still considerably high, possibly related to the sintering condition of the YIG. Since YIG in this study are sintered in the ambient air condition, some Fe 3+ ions are expected to be reduced to Fe 2+ ions, especially at higher sintering temperature, which are the source of hopping mechanism in ferrites even though Fe 2+ ions concentration are low in garnets as compared to that of spinel ferrites. Generally, the electrical resistivity of ferrites decreases with the increase of temperature. This shows that ferrites have semiconductor like behaviour [29] . Ferrites have very high resistivity which is one of the considerations for microwave applications [30] .
The variations of transmission loss (S 21 ) values against frequencies for various sintering temperature of YIG placed at rectangular waveguide cross section are presented in Fig. 6 . As depicted from the figure, the transmission loss was increased with increasing sintering temperature. This is due to high crystallinity within the samples with larger grain size. High crystallinity indicates high purity of crystal structure resulting in a better spin contribution in high frequency range. At high frequency range, it is well known that only spin contribution dominance inside the sample. The resonance frequency is observed to shift at higher frequency as the sintering temperature increased. This phenomenon was related to the crystallographic anisotropy of the static magnetization of YIG crystals.
The experimental parameter used to represent resonance losses in ferrimagnetic materials is resonance linewidth, ΔH. It is defined as the width of the resonance curve at half its transmission loss peak. For spherical sample, the resonance linewidth is measured by using the Eq. 5:
where Δ is the frequency taken from half of transmission loss peak from resonance frequency and γ is the gyroscopic ratio (γ = g B /ђ = 1.76 × 10 11 T −1 s −1 ). Table 5 shows the linewidth measured at 4-8 GHz as a function of sintering temperature. From Fig. 7 , it can be seen that the linewidth was decreased with the increasing sintering temperature. As the grain size increased, and porosity reduced and the linewidth decreased. It is important to achieve good stoichiometry to obtain small linewidth. For this purpose, it is essential to perfectly control the regularity and reproducibility of sintering operations, as well as mixing and grinding operations.
Conclusion
The YIG samples were prepared using mechanical alloying with high-energy ball milling to obtain the size ranging from 32 nm to 6.325 μm. The samples were later sintered at various sintering temperature in the range of 500-1400 °C in order to study the structural, electrical and microwave properties of YIG. The XRD pattern of YIG revealed an improvement of crystallinity with the increment of sintering temperature. Full YIG phase was observed for samples sintered at 1100 °C and above. The FTIR results revealed The frequency dependence of the transmission loss at sintering temperature 500-1400 °C that the asymmetric stretching bond between the magnetic ions and the oxygen ions achieved was evident in the garnet phase formation. The bond shifted to a higher wave number when the sintering temperature increased. The Raman spectra confirmed that the YIG was formed at the temperature higher than 900 °C because the main peak shifted from 290 to 270 cm −1 and the crystalline phase of YIG appeared completely at 1100 °C. FESEM images depicted that larger grains were formed when the sintering temperature was increased, and the amount of porosity was decreased. As a result, the YFeO 3 phase causes the decrement in the resistivity at 700 °C and the increment of resistivity in subsequent temperatures, and this authenticated the effect of size in the purity samples. The linewidth of the sintered sample decreased with the increment of the sintering temperature as a contribution of grain size with reduced porosity. 
Fig. 7
Linewidth at sintering temperature 500-1400 °C measured at the frequency of 4-8 GHz
